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An implicit numerical aodel for two-dimensional hydrody-
naraic flow in coastal seas by Leendsrtse (1967), as modified
by Hart (1976) , was applied to Montsrey Bay. The model was
tested against available water-levsi and current observa-
tions. The responses of Monterey Bay to tidal forcing and
steady-state winds were simulated. Under tidal forcing it
was found to provide reasonable estimates of sea-surface
elevations. Currents were not well predicted, indicating
that other mechanisms such as wind, density stratification,
and oceanic currents generally dominate the forcing of the
circulation in Monterey Bay. The msdei in its present form
was found to be potentially suitable for providing real-time
tide correctors during a hydrographic survey, achieving an
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This study grew out of a desire to extend tidal data
observed at a few locations to the entire area of a hydro-
graphic survey. With sea-surface elevations modeled over
the whole field, survey depths may be corrected automati-
cally by subtracting realistic values of the surface's
variation from datum at any point, at any time.
Tidal zoning to obtain sea-surface elevations is, at
present^ a subjective affair requiring numerous water-level
stations to indicate the progress of a tidal wave into an
inlet. The pattern of propagation at points distant from
the observing stations is inferred only qualitatively from
bathymetry. Correctors are determined by defining zones
graphically and computing appropriate phase and amplitude
adjustments for each zone to apply to tidal values observed
at the reference stations. This process dees not provide a
continuum of correctors. It requires subjective judgment
and considerable experience to achiave adequate results.
The analysis is typically performed well after the survey,
when it is too late to use depth data corrected for observed
tides to provide cross-checks on the positional accuracy of
the data. Errors that might have been detected and
corrected during the survey may pass unnoticed until an
expensive return to the survey area or downward classifica-
tion of the survey is necessary.
Use in the field of a two-dimensional, numerical model
for circulation and sea-surface elevation would alleviate
these difficulties. Such a model must be simple and flex-
ible if it is to be applied in real or near-real time on
10

fisld-type microprocessors. In coastal seas and inlets, it
should be able to provide sufficiently accurate surface
elevations.
To test this concept, the two-dimensional, hydrodynamic
model of Leendertse (1967), as modified by Hart (1976) and
during this study, was applied to Monterey Bay. The model
had previously been used with some success in shallow
coastal seas and estuaries, but not in an area with such a
dominant bathymetric feature as the Monterey canyon.
Although no attempt was made to compare this model to any of
the broad spectrum of models in use throughout the oceano-
graphic and co a stal- engineering communities [Tracor, Inc.,
1971], its relative simplicity, ease of implementation,
flexibility, and accurate output are all important to its
potential usefulness as a tidal zoning system during field
operations.
An additional purpose of this study is to incorporate
large-scale non-tidal forces into the model to explore their
effects on the circulation and sea-surface elevation of a
coastal body of water. Various investigators have
suggested, in fact, that tidal forces are overridden in
their effect on the circulation of Monterey Bay by the
influence of offshore currents and atmospheric conditions.
The potential significance of such factors, and the ability
to incorporate real-time observations of them into the
model, are also important to the model's usefulness as a
tidal zoning system.
B. HISTORY OF THE MODEL
The original version of the numerical model used during
this study was described by Leendertse (1967). His
"multioperationai" finite-difference scheme, using both
implicit and explicit techniques to solve the equations of
11

fluid motion, provided advantages is computational stability
and efficiency over the explicit models then current [Hart,
1976]. In particular, the model remains stable regardless
of the time step used; in a relatively deep embayment such
as Monterey Bay the investigator is not restricted to time
steps of the order of seconds as is common with explicit
models such as that used by Lazanoff (1971) in his study of
the bay.
The model has been widely applied, both in small harbors
[Leendertse, 1967; Leendertse and Lu, 1975; Chiang and Lee,
1982] and in coastal seas [Leendertse, 1967; Hart, 1976;
Spaulding and Beauchamp, 1983]. In past applications,
length scales ranged to 290 km and depths ranged to 100 m.
This study extends the model to a much deeper area with
pronounced vertical relief.
C. CIRCULATION STUDIES OP HONTEBEY BAY
Monterey Bay is a relatively large (16 by 42 km), nearly
symmetric embayment on the central coast of California. Its
most notable bathymetric feature is the Monterey canyon,
which curves into the bay from the southwest, severing the
continental shelf. Within the bay proper, depths rise from
750 m at the seaward end of the canyon to an average 55 m en
the shelf.
The bay presents to the Pacific Ocean one uninterrupted
open boundary, some 36 km long. Consequently, oceanic tides
and currents and offshore atmospheric effects are primary
driving forces of circulation within the bay itself. Local
winds and seasonal river runoff may have some effects, espe-
cially in the shallower portions of the bay to the north and
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Figure 1.2 Bathymetry of Monterey Bay Viewed from Southwest
Three oceano graphic "seasons" for this portion of the
coast were first described by Skogsberg (1936). From
November through February the Davidson Current flows north-
ward along the coast in conjunction with southerly or weak
northward winds and the onshore transport of surface water.
From March through August a period of upwelling is accompa-
nied by the southward flowing California Current, strong
northwest winds, and offshore transport of surface water.
In September and October the oceanic period is marked by
relative calm and an increase in surface temperatures.
All available data concerning circulation within the bay
proper were summarized and analyzed in 1973 as part of a
ma}or oceanographic study [Scott, 1973]. Normal circulation
14

was found to be northward through the bay, with a small gyre
forming in the southern bight. A more recent analysis by
Broenkow and Smethie (1978) also concluded that flow is
generally northward, with water entering primarily along the
axis cf the canyon and having a residence time of 2 to 14
days during upwelling periods. They also suggest that a
volume of 10 9 a 3 pumped into and out of the bay by internal
tidal mixing may be responsible for the frequent presence of
cool, nutrient-rich waters at the head of the Monterey
Canyon near Moss Landing.
Most circulation studies of the bay proper have relied
primarily on temperature and salinity data collected at
oceanographic stations. Although drift cards and similar
devices have been used to map surface currents, long-term
current-meter observations have not been available until the
last ten years. During predesign studies for sewer
outfalls, current meters were deployed for periods of a year
or more near Santa Cruz [Brown and Caldwell, Inc., 1978],
the Pajaro River [Environmental Research Consultants, Inc.,
19^6], and the Salinas River [Engineering-Science, Inc.,
1977]. In general, these studies suggest that the net flow
of water is northward along the coast, with some dependence
on the local diurnal wind.
Tidal forcing has not been examined closely in any of
the aforementioned studies. However, an explicit numerical
model was employed by Lazanoff (1971) to study the tidal
circulation within the bay. Although field observations
indicated that the primary driving force for circulation
derived from oceanic currents, the tide- and wind-driven
model did predict correct sea-surface elevations and current
phases and directions for the short time periods over which




More recently Bretschneider (1930) analyzed the effects
of various ocaanographic conditions on the sea-level changes
observed at Monterey. Variations ia geostrophic current
flow, atmospharic pressure, sea-surface temperature, and
meridional wind stress were shown to correspond to observed
variations in sea-surface elevation at Monterey.
16

II. DESCR IPTI ON OF THE NUMERICAL MODEL
A. HYDRODYNAMIC THEORY
The numerical model of Leendertse (1967) relies on the
basic equations that describe conservation of momentum and
mass for incompressible fluid motion. In the Cartesian
coordinate system of the model, with x- and y-axes embedded
in a horizontal f-plane tangent at the origin to the undis-
turbed sea surface (the datum) and with the z-axis oriented
upward, these well-known equations are:
5u 6u 5u 6u 1 6
s
p , _ c? "\\*— + U-k— + V-s— + W^— = - jf*- + F I * • ' IOt ox Oy oz p ox x
6v 5v <5v 5v 1 5p _ f> ~>\
Ot Ox oy oz p Oz y
5w 5w 5w 5w 1 5p _ /9 -3»j— + u-~— + v-t— + wp- = — -^- + F l-^-Jj
Ot Ox oy oz p oz z
£l + £L + ^ = o (2.4)Ox Oy Oz
Ths variables u, v, and w are components of velocity
parallel to the x-
, y-, and z-axes respectively, p is pres-
sure, and p is density. The appliad forces per unit mass
(F. ) represent effects of the Earth*s rotation, the Earth's




These equations are simplified by making assumptions
appropriate to the examination of long-period forcing in a
two-dimensional, shallow field. Detailed derivations may be
found in Leendertse (1967) and Hart(1976). A more general
development of shallow water equations may be found in
Csanady (1982). The necessary assumptions are summarized in
the following paragraphs.
First, because a coastal sea or estuary is generally
shallow relative to the horizontal scale of motion, the
vertical velocity is assumed small relative to the hori-
zontal velocities. Therefore, both convective-inertia terms
and rotational effects that involve the vertical velocity in
equations 2.1-2.3 may be neglected.
Second, the equations 2.1-2.4 ace averaged to model
fluid motions with periods greater than those of short-
period turbulent motions.
Third, the hydrostatic approximation is made by analysis
of equation 2.3. The vertical component of tha rotational
effect may be considered negligible (of the order 10-2
cm/s 2 ) and so may vertical stress-gradient effects (10-3
cm/s 2 according to Csanady, 1982). Furthermore, since mean
vertical velocties are unlikely to be greater than 10 cm/s,
over sufficiently longtime periods (>10 3 s or 15 minutes)
the total vertical acceleration will be of similarly small
order. Neglecting for the moment tidal effects, an expres-
sion for pressure may be obtained by integrating the
remaining terms over depth:
P = p + g p<5z l^- D )
3.
z
In this expression, n is the sea-surface elevation and p_ is
at
the atmospheric pressure at the sea surface, both functions
of x and y. The gravitational acceleration, g, is assumed




Equation 2.5 permits computation of pressure gradients,
5p/6x and 5p/6y, from horizontal gradients in sea-surface
elevation and density. Gradients in atmospheric pressure
may be neglected since their effect is small relative to the
turbulent stress induced at the surface by the wind. In the
numerical model, tidal forcing is accomplished by generating
gradients of sea-surface elevation rather than by attempting
tc simulate directly the astronomical forces that cause the
tides.
Fourth, the Boussinesg approximation is made, in which
the influence of vertical density variations is assumed to
be negligible. For this to be true the area to be modeled
must be vertically well-mixed, an assumption that is not
generally applicable. Although the version of Leendertse's
mcdel used in this study requires this assumption, some
compensation for density stratification might be made by
modifying the model +o integrate estimated values for the
vertical density variation over the depth at each point to
obtain the additional density-induced sea-surface elevation
[Csanady, 1982].
Fifth, the mean viscous -shear stresses of the fluid are
assumed negligible, leaving only the turbulent stresses
(Reynolds stresses) at boundaries within and external to the
fluid to be formulated. Of these, sharp density gradients
within the fluid are neglected as a source of stress.
Closed lateral boundaries are considered by applying the
coastal boundary condition that velocity into the boundary
is zero. Two other boundaries are considered, the sea
surface and the bottcm, and algorithms for modeling stresses
on these boundaries must prepared.
Sixth, since interior stresses resulting from sharp
density boundaries are assumed negligible, equations 2.1 and
2.2 may be integrated vertically to provide implicit expres-
sions for horizontal velocities averaged over depth.
19

Applying the kinematic boundary coalition at the free
surface and at the bottom (assumed impermeable) , equation
2.4 may also be integrated vertically using the Leibnitz
rule of integration. Three equations implicit in three
unknowns are then available for the vertically integrated,
horizontal velocities U and V and tie free, sea-surface
elevation n
:
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In these equations f is the Coriolis parameter, h is the
depth, ? is tfte surface friction stress due to wind, and P .
is the bottom friction stress. U aad 7 are mean horizontal
velocities over the water column. This simplification
results in a two-dimensional model with which patterns of
circulation and sea-surface elevation may be quantitatively
determined.
Finally, since bottom stress depends on the fluid
velocity, a well-known quadratic model is assumed so that
the stress term may be incorporated directly into
Leendertse's computational scheme. The formulation for
bottom stress is :
F = pgU(u 2 +v 2 ) /C 2 (2.9)Bx
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2 ,tt2 h/c 2 (2.10)f
b
= pgvdr+v*)
The empirical Chezy coefficient, C, may be computed in any
of various ways and must be specified for the area to be
modeled.
B. STRUCTURE AND COMPONENTS
A derivation of the numerical model, a discussion of its
computational stability, and a program listing are given by
Leendertse (1967). Key features of the computational scheme
and the computer program used during this study are
presented here.
1 . Computational Sche me
In ths numerical model, equations 2.6-2.8 are
approximated with a finite- differencing scheme extending
over two time levels, each a half time step. At the first
half time step, t+1/2, the velocity U(t + 1/2) and the sea-
surface elevation n( t+1/2) are computed implicitly and the
velocity V (t+1/2) is computed explicitly. At the second
half time step, t+ 1 , the velocity V(t+1) and sea-surface
elevation n (t+ 1 ) ire computed implicitly and U(t+1) is
computed explicitly.
Computations are spatially controlled by a uniform
grid of squares laid over the f-plane (Figure 2.1). Depths
relative to the undisturbed sea surface, here taken to be
mean lower low water (MLLW) , must be supplied for the
corners of each square, values of horizontal velocity are
computed at the centers of the sides of each square, and
values of sea-surface elevation are computed at the center
of each square. W'ind-str = ss and bottom-friction factors
must be specified or computed at the centers of each square.
This staggerei-grid is basic to the spatial realization of
21

Figure 2.1 Staggered Grid of the numerical Model.
Leendertse* s f inite-diff era ncing scheme in that the mean
velocity into or out of each square is used to compute the
change in sea level within. The grid also permits the
coastal constraint cf zero transport perpendicular to
sea/land boundaries.
During the first half time step, implicit computa-
tions proceed row by row from left to right and explicit
computations proceed columa by column from the bottom to the
top of the grid. During the second half time step this




2 . Computer Pro gram
The computer program used to model Monterey Bay is a
modified version of a Fortran program developed by Hart
(1976), It includes provisions for modeling wind stress,
steady flow at boundary points, and overflow at boundary
points, none of which were available in Leendertse's orig-
inal listing. To increase the flexibility of the program,
additional modifications have been made during this study.
These include:
• Introduction of date and time computations
to permit the program to search time-coded
files for data items reguired at each half
time step.
• Direct computation of bottom-friction
factors from an average bottom-type parameter
or from a grid of bottom types.
• Creation of an interactive subroutine to
start the program by prompting the user for
parameters critical to each run.
• Output of time series of currents and
sea-surface elevation for up to nine points
in the model grid.
• Further modularization of the model's
functional components.
The core of the program is subroutine MODEL, which
contains the finite-differencing scheme of Leendertse.
Other subroutines serve auxiliary functions: Interactively
starting the run, acquiring both constant and time-dependent
data, specifying conditions at boundary points, specifying
numerical models for wind and bottom stress, and supplying
23

results in various output formats. An outline of the
program is presented in Table I.
TABLE I
Components of the Numerical Model
MAKEGEID Generate depth and computation-control grids.
BAYMODEL Main program to control each run of the model.
START Interactively input run-time parameters.
DIMENS Input constant data for grid of area.
FIND Locate water sections to be modeled.
INVAL Initialize variables everywhere in grid.
INCURR Initialize currents as desired.
MODEL Multioperational finite- difference scheme.
CHEZY Supply Chezy coefficient at each grid point.
WIND Supply wind stress term at each grid point
RESULT Compute output values in desired units.
OPEN Specify sea-surface elevations at open bounds.
STEADY Specify currents at open bounds and rivers.
OVFLO Specify overflow currents at boundaries.
OVFLD Specify overflow threshholds.
INTIDE Set tide from a time-coded file.
INWIND Set wind from a time-coied file.
HEADS
PRINT
Output headers for each output file.
Output results for. desired times.
PLOT Output results needed fcr graphic display.
SERIES Output results for specific points.
PTGRID Utility print of input gridded data.
CALEND Utility for number of days in month.
ADTIME Utility to increment time.
BAYPLOT Provide graphic presentation of results
ELEVCOMP Compare elevation series with observed data.
CURRCCMP Compare current series with observed data.
i—
_
Some subroutines, such as OPEN, must be prepared
specifically for the area to which the model is applied,
while others, such as MODEL, should not be altered.
Modularization of the program permits the user to readily
24

change the appropriate functions when adap-ing the model to
different coastal areas (and computars) .
C. OSE AND ADAPTATION
When applying the numerical modal to a specific area,
certain requirements concerning input data and program modi-
fication must be met. These are discussed below.
1 • Input Data Require m ent s
Each run of the numerical model requires specifica-
tion of start and end times, time-step length, and an
interval at which results must be output. For experimental
(as opposed to operational) use, other things may be speci-
fied: Points at which series output is desired, the type of
output, and oiission of certain terms in the hydrodynamic
equations.
Input values that are uniqua to the area to be
modeled and that do not change from one run to the next must
also be supplied. These values ara most conveniently stored
in a separate file. They include:
• A location title and central latitude.
• Dimensions of the grid.
• Depths for each grid corner.
• Ccntrol numbers for each grid square
(land=0, water=1, overflow=2).
• A general bottom-friction parameter or a
bottom-type indicator for the center of each
grid square.
• Number of tide stations supplying data for
boundary conditions.
• Number of wind stations supplying data.
25

Selection of the size of grid to be used is limited
by the size of the area to be modeled and the available
virtual memory and CPU time of the computer. Since depths,
friction and wind factors, output data, and two half-time-
step values for each velocity component and the sea surface
elevation must be available for each grid square at all
times, at least 12 arrays must be dimensioned according tc
the grid size and survey area. The maximum dimensions of 80
by 80 used in this study reguired close to 1 megabyte of
virtual computer memory and approximately 0.5 s of CPU time
per time step on the IBM 3033 mainframe computer.
2 . S ubrou t ine M odif ications
Stresses at the bottom and surface must be modeled
in the subroutines CHEZY and WIND. Since Leendertse's model
already assumes a quadratic formulation for bottom friction,
only the Chezy factor, C, need be provided by the subroutine
CHEZY; however, many empirical techniques exist for
computing the factor, most of which rely on a description of
the bottom type. The user may select the Technique which
best applies.
Similarly, the user must program a wind-stress
fcrmulaticn in the subroutine WIND. Values for wind speed
and direction are obtained from time-coded data sets using
the subroutine INWIND.
Subroutines OPEN, STEADY, OVFLO, and OVFLD supply
time-varying values for sea-surface elevation, currents, and
overflow conditions at both open and closed boundary points
in the grid. In OPEN, an algorithm must be provided to
compute the variation of sea-surface elevation along the
open boundaries of the grid. The necessary tidal amplitudes
are obtained from time-coded sets of data for established
tide stations, using subroutine INTIDE. STEADY permits
currents to be assigned to individual grid points,
26

overriding "the computed currents. An initial current field
may be entered using subroutine INCJRR. Finally, OVFLO and
OVFLD permit conditions of flooding to be ascertained and
modeled at grid points assigned the control value 2.
When implementing the model on various computers
and for various purposes, modifications may be necessary in
the input/output subroutines START, DIHENS, HEADS, PRINT,
PLOT, and SERIES. RESULT may also be modified to compute
additional quantities of interest, sucn as horizontal
transports.
3 . Comput er Imp lementation
For this study, the numerical model was implemented
on an IBM 3033 mainframe computer at the Naval Postgraduate
School. Only a few minor language changes were required
before the system's Fortran H compiler could be used on the
program originally supplied by Hart. Subsequent modifica-
tions were made and all jobs were run from remote terminals
under the School's interactive time-sharing system.
The system made possible the development of several
programs that facilitated preparation of data for input to
the model and production of graphic output. Especially
useful among these were: MAKEGRID, a program that generates
input depth and computation-control grids from digital
bathymetric data already available for the area, simplifying
the otherwise laborious task of creating a grid on chart
overlays; programs that generate predicted tidal amplitudes
from constituents, or from data supplied in the NOS Tide
Tables; and, ELEVCOMP and CORRCOMP, programs that plot
time-series output from the model against observed data from
the same time period for verification of model accuracy.
Although the programs themselves may not be transferable to
other computers, supplying similar auxiliary software
together with the model (or even incorporating the
27

algorithms into the model program) greatly enhances the
ready application of the model to other coastal areas.
Data necessary to running the numerical model were
stored in computer files distinguished by type. All
constant, gridded data were stored in one file while time-
varying data were stored in separate files by type and year
(for example, MONTEREY TIDE76) . In this way, a new file of
input data did not have to be created for each run of the
model. The sources and selection of input data are
discussed in sections 3. B and 3. C.
28

III. APPLICATION OF THE MODEL TO MONTEREY JAY
A. VALIDITY OF ASSUMPTIONS
The applicability of the numerical model to Monterey Bay
was checked by examining the assumptions outlined in section
2. A. The assumption of negligible vertical velocity was
confirmed for tidal forcing by noting that the maximum depth
of the area modeled is much less than the wavelength of the
semidiurnal tide (3 km << 7600 km). Other, horizontal,
forcing conditions of currents and wind were applied as
steady-state phenomena in the model. In addition, since
this study concerns large-scale fluid motions over time
periods of 15 minutes or more, short-period turbulent
effects and vertical accelerations were neglected: the
hydrostatic approximation holds.
Although Monterey Bay is not vertically well-mixed
[Scott, 1973], in depths of a few hundred meters or less the
difference in dynamic height between that of the assumed,
homogeneous density profile and that of a more typical
profile is less than 1 cm, which is negligible for the
purpose of this study. In depths of 1000 m or more, the
effect is more significant (several centimeters) ; however,
since such depths occur outside the bay proper, the effect
of density stratification was ignored and horizontal veloci-
ties were averaged over depth to obtain a general picture of
circulation in the bay.
B. CONSTANT INPUT
The numerical model was applied to three different grids
covering Monterey Bay (Figure 1.1 and Figures 3.1 - 3.3).
Grid A, a small-scale, 1- or 2-km grid, 80 by 80 km, was
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designed to permit the introduction of offshore, non-tidal
currents as a steady forcing condition and to place the bay
far enough away from the three open boundaries to remove
their associated spurious effects. Since this grid was
particularly vulnerable to numerical instabilities in the
model, two other grids were devised. Grid B, a large-scale,
1-km grid, 23 by 50 km, covered the bay and reduced the
number of open boundaries to one. 3rid C, a 1-km grid, 40
by 72 km, covered both the bay and sufficient area to permit
offshore, non-tidal currents to be introduced. All grids
were skewed 20° east, cf north to align the boundaries
perpendicular to the tidal forcing conditions. The dimen-
sional and constant data incorporated into these grids are
discussed below.
1 • Tim e and Space Dime nsions
A time step of one hour was chosen to permit assess-
ment of the model over periods of several days without
necessitating extensive use of CPU time. Normally the model
should run for 12-24 hours (one tidal cycle or store
depending on the tidal phase differences between various
parts of the area) to establish realistic conditions of
current and sea-surface elevation throughout the area [Hart,
1976]. The one-hour interval provided a sufficient number
cf data values for ccmparison with hourly or half-hourly
observations of sea-surface elevation and currents.
Since computed values are offset in the staggered-
grid scheme of the model, use of a relatively small grid
size in regions of steep bathymetric relief is important to
model accuracy. With the constraint on array dimensions in
mind, the smallest grid size possible (1 km 2 ) was generally











Figure 3.1 Depth Contours for Grid A,
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Figure 3-2 Depth Contours for Grid B.
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Figure 3.3 Depth Contours for Grid C,
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2. Bathymetry and Datum
Digital bathymetry was provided by the NOAA National
Geophysical Data Center, where depth data from past hydro-
graphic surveys are archived for most coastal areas of the
United States. The depths were positioned by latitude and
longitude in a 36-sec grid and were referenced to a mean-
lower-low-water (MLLW) datum.
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Figure 3.4 Locations of Bathy»etric Data in Grid A.
To computer-generate a grid of depnhs for the model,
the program MAKEGRID was prepared. The program first
projects the bathymetric data onto the grid coordinate
system (for example, grid A), which is a modified-transverse
Mercator projection skewed about a specified origin
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(Figure 3.4). Depths are then interpolated at the corners
of each grid square.
Since depths are referenced :o MLLW and a straight-
forward correction to mean sea level is not possible, the
datum for sea-surface elevations computed by the model was
taken to be MLLW. All input tidal amplitudes ware likewise
referenced to MLLW.
From the gridded depths a computation-control grid
was automatically generated by assigning 1's to all water
squares and 0» s to all land squares (assigned dummy eleva-
tions in the depth grid) . Both grids could be altered if
necessary before their use in the model.
3 . Bottom Fri ct ion
To model bottom stress, the empirical Manning equa-
tion for the Chezy coefficient, C, was used:
c = (h+n)
1/6/M < 3 - 1 )
The coefficient is a function of depth, h, instantaneous
sea-surface elevation, n , and the banning factor, M, which
describes bottom roughness. M increases with bottom rough-
ness. Clean and straight natural river channels typically
require M=0.025 to 0.030 m/s, while winding channels may
require M=0.033 to as high a value as 0.15 m/s in very
weedy, overgrown areas [p. 99, Henderson, 1966].
Although bottom stresses may be modeled as a func-
tion of the bottom type or texture in each grid square (thus
requiring input of a bottom-type grid), this option was not
exercised for Monterey Bay. Over the large area covered,
the variation in depth from square to square is likely to
have more influence than the relatively small variations in
bottom roughness that occur in Monterey Bay. Following
Spaulding and Beauchamp's study of a coastal sea (1983) and
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after some experimentation (section IV. A), a constant value
of M=0.04 m/s was used throughout the bay.
C. TIME-VARYING INPUT
The forcing conditions of tide and wind were accessed
from time-coded files. Tidal amplitudes were applied only
along the open boundaries of the model, whereas wind stress
was applied over the entire grid. The sources and applica-
tion cf these data are discussed in this section.
1 • Initial Conditions
At ths start of a run of tha model, sea-surface
elevations were approximated by assigning a coastal tidal
amplitude at the starting time to every point in the grid.
The tidal amplitude at Monterey was used for this purpose.
This approximation is suitable for Monterey Bay since the
narrow continental shelf and the absence of any barrier
islands permit the tidal wave to propagate relatively
rapidly through the area.
A zero velocity was initially assigned to each grid
point, except for runs including an offshore, non-tidal
current; in these cases, the steady-state current velocity
was initially assigned to offshore grid points.
2. Boundary. Tidal Amplitudes
A major factor in the successful application of the
numerical model vas the provision of suitable tidal forcing
conditions along the open boundaries. Tidal amplitudes are
predicted in the NOS Tide Tables 1.976 for four stations near
and within Monterey Bay: Ano Nuevo, Santa Cruz, Monterey,
and Carmel. Tidal-constituent amplitudes and phases are
available for Monterey and Moss Landing (Appendix A) . Since
1963, continuous observations of water level have been made
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at Monterey. A two-year series of asarly continuous obser-
vations was made at Moss Landing from 1976 through 1977. To
obtain amplitudes along the boundaries of the model grid,
coastal values such as these must ba extrapolated.
Several attempts have been made to formulate the
effects of continental shelves on the open-ocean tide
[Clarke and Battisti, 1980; Gill and Porter, 1980; Munk, et
al. , 1970]. Because of the narrow continental shelf and
bisecting canyon, Monterey Bay does not satisfy the assump-
tions necessary to apply these formulations. However, to
gain some insight into the effect of the extreme depth
difference between the tide station at Monterey and the
offshore boundary points of the modal, a comparison was made
between tidal constituents obtained at Monterey and at a
pressure gage located in 3903 m of water offshore
[Cartwright, at al. , 1979]. The results are presented in
Table II.
The coastal and pelagic phasas clearly do not corre-
spond since the pelagic gage was located at seme distance
from Monterey (see Figure 1.1), but the agreement of the
amplitudes suggests that the aforementioned depth difference
has little effect. In the absence of any more certain
method for extrapolating tidal amplitudes, the values at the
coastal station were applied directly along a line of
constant phase extending out from shore.
Examination of cotidal/cophase charts by Munk, et
al. (1970), Luther and Wunsch (1975), and Parke and
Henderschott (1980) , suggests that, in the vicinity of
Monterey Bay, the tidal wave propagates nearly parallel to
the coast. The model grids were, therefore, skewed in such
a way that the open boundaries wera perpendicular or
parallel to the coast. At each time step the forcing ampli-
tude was made to vary directly with the tide at Monterey all
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along the northern boundary, and with linearly interpolated
values between the two along the western boundary.
The tidal values used to set the boundary conditions
may be interpolated from the NOS Tide Tables 1976, computed
from constituents [Schureman, 1940], or taken directly from
observed data. The last was preferred since the first two
predictive techniques cannot take into account atmospheri-
cally forced or anomalous changes in sea level, such as
storm surge. However, as mentioned previously, observations
were available only at Monterey and Moss Landing. Some
experimentation was necessary to model the phase lags
between Monterey, Santa Cruz, and Ano Nuevc (section IV. A).
33

3. Boundary Cur rents
Two types of flow may be imposed at ths boundaries
of the numerical model. First, the discharge of rivers
along otherwise closed boundaries may be represented as a
vertically averaged current velocity assigned to the appro-
priate coastal grid point during each rime step. The mean
annual discharge of all major streams and rivers entering
Monterey Bay is 1.85 x 10 6 mVday [Broenkow and Sraethie,
1978], which amounts to a vertically averaged current
velocity of only 0.2 cm/s were all rivers to enter at one
point. As a result, rhe river inflow was judged negligible
for this application.
A second type of flow, currents due to non-tidal
effects, may be imposed in offshore regions of the model.
The narrowness of the continental shelf near Monterey Bay
leaves the bay particularly open to forcing by large-scale
oceanic currents. Previous studies of the area suggest that
such currents are an important force driving the circulation
of the bay [Lazanoff, 1971; Garcia, 1971; Bretschneider
,
1982]. The presence of an offshore current was simulated by
assigning initial velocities to the offshore portion of
grids A and C for some runs of rhe model. The convective-
inertia terms in -he numerical model propagate the current
influence into the inshore portions of the grid. A north-
ward current of 25 cm/s (0. 5 knots) was assigned. This
value was proposed by Scott (1973) as a simple, steady-state
model for the offshore circulation.
U. Wind
Wind stress, F , was parameterized within the numer-
i







W represents the wind velocity vector, Pa is atmospheric
pressure, p is the mean density of the water, h is the
depth, and r\ is the time-varying saa-surface elevation. The
model permits input of wind direction and amplitude as a
forcing condition over the whole field of the grid for a
specified range of time steps. Monthly distributions of
wind at Santa Cruz and Moss Landing for the period May,
1976, through May, 1977, were obtained from the Santa Cruz
Wastewater Facilities Planning Study [Brown and Caldwell,
Inc., 1978]. Average and maximum values for the wind were
applied to sone runs of the model (see section IV. B) .
D. DATA FOR COMPARISON
The numerical model was calibrated by comparing modeled
sea-surface elevations and current velocities at specific
grid points with observed values at the same locations. The
comparison process was limited by a paucity of suitable,
long-term water-level and current-mater observations for
Monterey Bay. Water-level data are available only for
National Ocean Service tide stations at Monterey and Moss
Landing. The primary sources for current-meter data are
predesign studies conducted for tha emplacement of sewage
outfalls near Santa Cruz, the Pajaro River, and the Salinas
River, but only data for Santa Cruz and the Salinas River
could be obtained. In some fortuitous instances, both
water-level and current-meter data were collected concur-
rently (Figure 3.5). The period July-August 1976 yielded
sufficient data for comparisons at the two water-level and
at three currant-meter stations; thair locations are plotted
on each model grid (Figures 3.1 - 3.3).
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Figure 3.5 Observing Periods for Comparison Data.
1 • Water- level O bserv a tions
Water-level observations have been made nearly
continuously since 1963 at NOS Tide Station 941-3450 on the
seaward end of Municipal Wharf 2 in Monterey. The float-
type tide gage is located in 6.2 m of water. Recorded times
are accurate to within 6 minutes and heights are resolved to
3.0 cm [ Bretschneider, 1980]. Digitized hourly heights for
the period 11/8/73 to 3/2/83 were obtained from the National
Ocean Service, Tidal Datums Section N/0MS123. The heights
were corrected to MLLW and converted from feet to meters.
In addition to providing comparison data, these observations
were used to determine boundary amplitudes for some runs of
the model.
At Moss Landing water-level observations were made
for 20 months as part of the California Marine Boundary
Program [National Ocean Survey, 1981]. NOS Tide Station
94 1-3616 was a float-type tide gage located at the seaward
end of the Moss Landing Ocean Pier in 9.1 m of water.
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Digitized hourly heights were obtained for the entire period
5/9/76 to 1/10/78 and processed as for the station at
Monterey.
2- Cur ren t- meter Obser vations
As part of the Santa Cruz Wastewaters Facilities
Planning Study, a current-meter station was located 1 mile
offshcre of Terrace Pcint in 30 m of water [Brown and
Caldwell, Inc., 1978]. Two AMF Vector Averaging meters were
installed at 9- and 15-m depths for the periods June to
November, 1976, and January to May, 1977. The only data
that could be obtained for comparison purposes covered July
and August, 1976, at the 15-m deptn. The data included
7.5-minute averages cf current speed and direction,
expressed as a pair cf orthogonal velocity vectors.
Two current-meter stations were occupied approxi-
mately 1 nautical mile north and south of the Salinas River
during oceanogra phic investigations for the Monterey
Peninsula Water Pollution Control Agency
[Engineering-Science, Inc., 1977]. At each station, two
ducted-impeller-type meters were installed at 9 and 15 m for
the overall period January, 1976, to January, 1977. Current
speeds and direction were averaged at 30-minute intervals




A. COMPARISON OF MODEL RESULTS WITH OBSERVATIONS
Comparison of the model with observations was used both
to "fine tune," or calibrate, the numerical model, and to
assess its general validity. The affects of varying input
constants such as the siza and resolution of the grid, the
time step, and the bottom-friction coefficients were consid-
ered. In addition, schemes for determining boundary tidal
amplitudes and for including non-tidal current fields were
tested in an effort tc match observed elevations and
currents as closely as possible.
Application of the model to grid A revealed apparent
numerical instabilities that caused overflew in the computa-
tions after as few as 1.25 days (33 time steps). The sudden
oscillations in sea-surface elevation at Monterey were due
to propagation into the bay of extreme amplitudes and
currents generated in the offshore portion of the grid
(Figure 4.1). The overflow condition was unaffected by
changing the resolution of the grid from 2 to 1 km, but was
very sensitive to changes in the phasing of the tidal ampli-
tudes along the open boundaries. Under the premise that tne
presence of three open boundaries enhanced instabilities,
grid B (with one open boundary) and grid C (with two open
boundaries) were subsequently used during the comparison
process.
1 • Sea-surface Elevati on Comparisons
A run of the model for twelve days at the one-hour
time step produced seme agreement between modeled and








Figure 4.1 Sea-surface Elevations at Monterey, Grid A.
agreement at floss Landing (Figures 4.2 and 4.3). Varying
the Manning bottom-friction factor improved this result
(Table 3.1 and Figures 4.4 and 4.5).
TABLE III
Effect of Various Banning Factors
M (m/s) = .03 .04 .05 .06
Monterey 7.4 6.8 6.3 5.8




Table values are the RMS errors in centimeters




The seemingly unrealistic Manning factor of 0.10 m/s
may serve as a description of the bottom roughness over the
large area of each grid square, if roughness is thought of
in terms of the steep slope that is otherwise not accounted
for in the model. The higher Manning factors did not,
however, improve the results of currant comparisons; -hey








RMS ERROR = 6.8 CM
j.
12 13 14 13 16 17
JULY
1976
18 19 20 21 22
Figure 4,2 Elevations at Monterey, At=3600 s.
An oscillation that appeared forced by the time step
was evident in the modeled curves. It was especially
evident at Monterey and when a shorter, 15-minute time step
was used (Figures 4.6 and 4.7).
The noise may be the result of applying observed
tidal amplitudes as the boundary forcing condition. The
observed water levels, digitized hourly, may include jumps
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Figure 4.3 Elevations at Boss Landing, A t=3600 s.
instruments. Linear interpolations required between the
hourly amplitudes for each half time step may have exagger-
ated the instrumental effects. To better judge the use of a
shorter time step, raw water-level observations, usually
made at a 6-minu-e interval, should be applied to the model.
Spectral analysis of the modelad and observed
curves, in addition to reflecting -heir general agreement,
reveals spurious frequencies generated by the model at
Monterey (Figures 4.8 and 4.9). The incoherent freguencies,
which are also found in the spectra for currents at Santa
Cruz (Figure 4.14), correspond to apparent periods of 3.0
and 2.2 hours. These periods are longer than the 1-hour,
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Figure 4.9 Spectra, Elevations (SE) at Moss Landing.
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The phenomenon of time-step-linked oscillations has
been experienced by other investigators [Chiang and Lee,
1982], who found that generating a nathematically smooth
function from the observed data provided mora suitable
amplitudes for forcing the model. A smooth amplitude func-
tion was obtained in this study by summing the tidal
constituents for Monterey. Applying boundary conditions
based on these predicted tides gradaally reduced the noise
in the model (Figure 4.10). Not surprisingly, however, the
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Figure 4.10 Elevations Using Predicted Boundary Amplitudes,
The sensitivity of the model to open- boundary condi-
tions, already noted in the case of grid A, was demonstrated
by comparing results for different phase lags along the one
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boundary of grid B (table IV) . A constant amplitude along
the boundary (no phase lag) was found to be most successful,
though the NOS Tide Tables 197 6 predict that Monterey lags
Santa Cruz by 6 minutes.
TABLE IV
Effect of Boundary Amplitude Phasing on Grid B
Phasing 6 + 6-
Monterey 7.9 7.4 7.8
Moss Landing 5.3 4.6 5.0
Table values are the RMS errors in centimeters.
Phasing is Monterey minus Santa Cruz, in minutes.
2 • C urren t Comp arison s
The model-generatad current values agreed poorly
with the 15-m depth observations at all three locations
where comparisons were made (Figuras 4.11-4.13). In making
the comparisons, current vectors from the model output and
from the observed records were resolved into eastward and
northward components, talcing into aocount their respective
skewed coordinate systems. The modaled current components,
particularly near the Salinas River mouth, were weak or
non-existent. Clearly, forces in addition to tides were at
work in generating the observed currents.
For the currents near Santa Cruz the apparent rough
correspondence in freguency was confirmed somewhat by a
spectral analysis (Figure 4.14). The gradual increase in
the northward component of the modalad current may reflect
long-period variations in the current field.
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In an effort to obtain better current agreement and
to see the effects of currents associated with the conti-
nental slope, a steady offshore current was applied to grid
C. The results near Santa Cruz were poor; inherent oscilla-
tions in the nodal were amplified and agreement was not
improved. The model's sensitivity to open-boundary condi-
tions made this a difficult subject to pursue within the
scope of this study.
B. MODELED CIRCULATION OF MONTEREY BAY
Although the t id ally forced numerical model did not
reproduce observed currents at the comparison locations, it
should nevertheless provide an estimate of the barotropic
tidal circulation of Monterey Bay. A general view of circu-
latory patterns may be obtained by examining the modeled
sea-surface elevation and current fields for a 24-hour
period.
1 • Tidall y Forced Circ ula tion
A tidally forced elevation-field series is presented
in Appendix B. A small oscillatory structure in the
southern bight is consistent with the greater amplitude of
noise observed at Monterey. In other respects, the eleva-
tion fields generally show a clear progression of the tidal
wave into the bay.
A series of current-field plots, including the volu-
metric transport associated with each vector, is presented
in Appendix C. A total volume of 2.0x10 9 m 3 appears to be
pumped across the boundary during the diurnal tidal cycle.
This barotropic result may be contrasted with the 10 9 m 3












































Figure 4.11 Currents near Santa Cruz.
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Figure U. 14 Spectra of Currents near Santa Cruz.
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The current plots show generally weak (<5 cm/s)
tidal flow into and cut of the bay, corresponding to periods
of flood and ebb. In the southern part of the bay, a strong
east-west current (up to 30 cm/s) appears just north cf the
Monterey peninsula. This jet is consistent with the strong
currents experienced by divers in taa area. 1 In the northern
part of the bay, a broader current (10 cm/s) flows along the
depth contours.
Of especial interest is a current pattern that
develops between Ano Nuevo and Santa Cruz on current plots
made using grid A (Figure 4.15). The gyre, which the model
predicts to have speeds ranging froa 2 to 10 cm/s, is
consistent with the observations of Carter and Kazmierczak
(1968) who noted a closed circulation in the area with
similar speeds.
2- T idall v Forced Circ ulatio n with Wind
When an average wind of 3 m/s (7 mph) from the
weet-northwsst was applied over the entire field of grid B,
the tidally forced circulation was unchanged. A maximum
wind of 10 m/e (30 mph) from the west-northwest also
produced essentially unchanged circulatory patterns. A
12-day series cf modeled elevations at Monterey and Moss
Landing under the same maximum wind yielded results nearly
identical to those without wind.
l Per conversation with Dr. E. C. Haderlie, Dept. of
Oceanography, Naval Postgraduate Sohooi, 9/27/83.'
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A. VALIDITY OF THE MODEL
The numerical model has been shown by comparison with
observations to provide reasonably accurate sea-surface
elavations. Although the modeled current doss not account
for the total observed current at comparison stations, it
probably accurately reflects the contribution due to the
barotropic tide. Much of the remaining observed current may
represent response to diurnal wind stress, offshore non-
tidal currents, and/or forcing due to internal waves, the
last requiring a more complex, three-dimensional model for
further investigation. Application of observed winds on a
timsstep-by-timestep basis might ba a fruitful avenue for
further investigation.
That numerical instabilities exist in the model has been
noted by various authors [!loe, at ai., 1978; 3engue, at al.
,
1982], who have proposed some improvements in the model's
formulation. The flexibility and accuracy of the model
might be improved by further investigation of their
suggestions.
B. HYDROGSAPHIC SURVEY APPLICATION
A numerical model such as that implemented by this study
can improve the process of correcting depths for changes in
sea-surface elevation during a hydro-graphic survey.
Advantages of the two-dimensional model ever simple extra po-
lative techniques or more complex, three-dimensional models
result from the model's relative simplicity, flexibility,
ability to operate in a real-time data collection system,




The tasted model is a relatively simple FORTRAN program
to implement and use, particularly with the interactive
modifications made during this study. It could be further
improved in this respect by adding an interrupt/restart
routine to permit changes of constants, such as time step or
output frequency, during the course of a single computer
run. The model is flexible, since it can be readily applied
to various coastal areas by means of the gridding software
developed during this study.
To implement the model on a microprocessor during data
collection in the field, requires the availability of suffi-
cient virtual storage capacity and CPU time to permit unim-
peded computations. The virtual storage required depends
upon the dimensions of the grid; a iiore economical use of
arrays in the model program can reduce the requirement. In
the real-time mode of operation, computations should immedi-
ately follow boundary-amplitude updates at each half time
step to make efficient use of CPU time. At the conclusion
of each full time step the resulting, updated sea-surface
elevations are then promptly available.
The time step used depends upon the interval at which
water-level observations are available from one or more
locations suitable for establishing boundary amplitudes. In
the real-time mode, presumably such data could be teleme-
tered to the survey vessel at the standard tide gage
frequency of 6 minutes, permitting a model time step of 12
minutes. Since updated elevations can only be available at
the conclusion of a time step (Figure 5. 1) , a 6-minute lag
exists that may be removed only by post-survey processing.
Another factor in real-time operation cf the model is
the start-up time required. The model should be calibrated
to establish the validity of friction models and boundary-
amplitude algorithms, preferably by comparing the output for
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Figure 5. 1 Ti«e Step Lag During Real-time Model.
the interior of the survey area. If historical data are not
available, this could require several days of observation
and analysis prior to the survey.
The accuracy of the model in conputing sea-surface
elevations from tidal forcing alone has been estimated
during this study as 4-3 cm (1 RMS error) . Survey require-
ments are 3a < 9. 1 4 0.005h cm, where a is the standard
error and h is the depth in centimeters [Mcbiey, 1982]. The
depths at the tide gages in this study were about 3 m,
permitting a 3o equal to 13.1 cm. This value was attained
a- Moss Landing (3 RMS arror = 12 cm) and, if the trouble-
some noise could be removed by post-survey processing of
water-level observations to obtain a smooth tidal forcing
function, it nay be generally attainable.
The model itself requires further development, both in
the application to Mcnterey Bay and in general. Further
testing of the application to Monterey Bay should include
the introduction of time-varying wind and oceanic currants,
as well as forcing at a time step using tidal amplitudes
observed at a shorter interval than the 1-hour interval used
in this study. The model should also be applied to and
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quantitatively tested against other coastal configurations
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TIDAL CONSTITUENTS FOR MOSS LANDING
Moss Landing, Ocean Pier, CA
Station 941-36 16
36°4S! 10 N 121°47!40 W
H
M2 1.6636 29 5.3 3
S2 .4182 295.84
N2 .3419 269.50
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R2 .0033 295.84
ir .0189 64.39.3757 99.28
2SM2 .0000 .00
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